Abstract: To maximise the economic benefit, photovoltaic (PV) systems in general operate in the so-called maximum power point tracking (MPPT) mode. However, in certain occasions (e.g. in a microgrid or in a weak system), it is beneficial for a PV system not to always operate in the MPPT mode, but occasionally in the power dispatch mode, because of the top priority of maintaining system stability. To this end, a Newton quadratic interpolation-based power control strategy for PV system is proposed to iteratively obtain the required terminal voltage of PV system by approximating the power-voltage characteristic curve with a quadratic curve. With this control strategy, PV systems can operate in the power dispatch mode to flexibly adjust the active power output in a wide range, or adaptively switch to the MPPT mode if necessary. Details on the convergence rate and the way to achieve the fault ride-through capability are also discussed. Simulation is performed based on a detailed PV dynamical model, illustrating that the proposed method has fast convergence rate and robust performance compared with a revised perturb and observe method which can attain the same function.
Introduction
With increasing environmental concern, uprising cost for fossil fuels, together with the desire to increase the diversity in energy supply, electricity industry focuses more on the development of renewable energy sources (RES). Among all forms of distributed generation, photovoltaic (PV) generation is developing rapidly worldwide because of its environment-friendly characteristics and economic incentives from governments. Continued rapid development can be foreseen in the near future [1, 2] .
Since the initial installation costs of PV systems are still relatively high, PV systems nowadays mostly operate in the maximum power point tracking (MPPT) mode in order to maximise the revenue [3] . However, if the penetration of PV systems is high (e.g. in a microgrid), the MPPT mode could severely weaken the power system stability because system inertia and frequency regulation capability are decreased by replacing synchronous generators [4] .
Therefore it can be predicted that PV systems in the future should be required to provide some necessary ancillary services, such as frequency regulation. This task can be attained by corporation of energy storage systems (ESSs), but it is costly [5] . Another possible solution is to design a new control strategy which enables PV systems to adjust the power output temporarily and flexibly as needed, even sacrificing economically. Some relevant work has been done recently, for example, a distributed control strategy is presented to have all PV systems in a system operate in certain ratio of maximum available power [6] . A simple fuzzy-based control method is proposed for PV systems to participate in frequency regulation without the need of ESS [7] . However, these studies do not provide details on power control methods of PV system.
In the past decades, many researchers have conducted studies on MPPT algorithms (e.g. [8] [9] [10] [11] and the references therein). Esram and Chapman [8] surveyd many different MPPT algorithms, such as the perturb and observe (P&O) [11] , incremental conductance (IncCond) [9] , fractional short-circuit current [10] etc. As surveyed in [8] , these algorithms have certain limitations, such as slow convergence, poor stability and low precision. Some revised methods are provided to eliminate certain limitations and improve the performance [12] [13] [14] [15] . In those algorithms, Pai and Chao [15] introduced an effective MPPT algorithm based on a Lagrange quadratic interpolation. This method is reported to have faster convergence rate and high precision in various operational scenarios. However, when the three sampling points are monotonically increasing/decreasing, the shifting procedure might be time consuming sometimes.
Despite a large number of papers studying MPPT methods, few have discussed PV systems operating in the power dispatch mode. Li et al. [16] separately builds the MPPT mode and power dispatch mode, with the MPPT mode realised by an existing method, for example, the P&O, and the power dispatch mode realised by an integral link. Since the operating point converges at the uphill section of the power-voltage (P−V ) characteristic curve, it is unstable [3] . Delfino et al. [17] implemented the power dispatch mode by directly controlling the active power output of the inverter: the imbalance between the PV array and inverter power outputs charges/discharges the capacitor parallel to the PV array until the PV terminal voltage reaches a steady state. This control strategy drives the operating point to converge at the downhill section of the P−V characteristic curve, but it malfunctions if the dispatched power command is more than the maximum PV power output. Besides, both the control strategies in [16, 17] need a logic signal to switch between the two modes, which are not discussed in the papers.
Motivated by the idea of [15] [16] [17] , a novel power control strategy based on the Newton quadratic interpolation (NQI) is presented. With this strategy, the required reference voltage of the PV array can be iteratively calculated by approximating the P−V characteristic curve with a quadratic curve. The proposed strategy enables the PV system to adaptively switch between the MPPT mode and the power dispatch mode according to the relationship between the dispatch command (e.g. the reference power) and maximum power output. To be specific, when the reference power is more than the maximum power output, the PV system operates in the MPPT mode; otherwise, the PV system operates in the power dispatch mode and tracks the reference power. Details on measures to guarantee convergence and the fault ride-through (FRT) capability of the PV system are also discussed. It is demonstrated that the proposed strategy can work well in various scenarios.
The paper is organised as follows. Section 2 introduces the main problem and the layout of the grid-connected PV system. The power control strategy based on the NQI is introduced in Section 3, and some discussions are provided in Section 4. Section 5 validates the proposed strategy under several scenarios by simulation. Conclusions are drawn in Section 6.
Problem formulation
For a PV array, the current I PV and terminal voltage U PV are related by [18, 19] 
where I 0 PV is the light induced current depending on the irradiance level G and array temperature T; I 0 s is the diode saturation current depending on T only; R p is the equivalent parallel resistance of PV array; R s is the equivalent series resistance of PV array; a is the diode ideality constant and V t is the thermal voltage depending on T only.
It follows from (1) that the power generating from the PV array can be expressed as
where α denotes a vector of parameters such as the temperature and solar irradiance. Fig. 1 plots a classical P−V characteristic curve. As pointed out in the introduction, when the penetration of PV systems is high, it is necessary and meaningful to flexibly adjust the PV power output, for example, a PV station must be dispatched by a distribution system operator (DSO) or provide frequency regulation service to the utility grid. Therefore a PV system should be able to operate either in the MPPT mode or the power dispatch mode to provide necessary ancillary services.
As shown in Fig. 1 , P PV changes with the change of U PV . P PV is zero when U PV is zero and increases as U PV is increased. This trend stops when P PV reaches the maximum value; beyond this voltage, P PV decreases as U PV is increased. This behaviour implies that P PV can be controlled by adjusting U PV [20] . Therefore the problem to be solved can be described as follows.
Design a power control strategy for the PV system such that the active power injecting to the utility grid P grid can converge to a given reference P (corresponding to U PV1 and U PV2 in Fig. 1 ), or converge to the maximum power that can be injected to the utility grid P represents the maximum available power of the PV array. Thus, it follows from (2) that the main task is to design an updating rule of U PVref , such that it converges to U * PVref , which satisfies
where P loss denotes the loss of the inverter which connects the PV array to the grid. A single-stage inverter topology, which has the merits of saving components and reducing cost, is adopted in this study to illustrate the control design, as shown in Fig. 2 . The classical double-loop scheme is applied to the PWM control, as shown in Fig. 3 . The upper channel controls P PV by regulating U PV : the outer loop forces U PV to track U PVref and generates the current command I ref d , which is delivered to a dq-frame current-control scheme (inner loop), forcing
The lower channel adopts the same philosophy to directly control reactive power Q, by which some ancillary functions can be attained, for example, voltage regulation and oscillation damping (which is beyond the scope of the paper and thus is skipped). The feedforward of I d and I q by a gain ωL is added to the [20, 21] . It is worth mentioning that the control strategy to be developed can be used for various types of PV systems with different inverter topologies (such as the dual-stage, multiple-stage topologies etc. [22] ) and PWM control strategies (such as the feedback linearisation method in [23] ).
The grid-injected power P grid is used to update the reference voltage of the PV array. Assume that the dynamics of the inverter are very fast compared to the change of reference voltage, the dynamics of the inverter can be approximately described as a first-order delay link by ignoring the small power loss [16] 
As the time constant T d is rather small, it is reasonable to assume that P grid is approximately equal to P PV . Therefore the required reference voltage of the PV array U * PVref satisfying (4) can be simplified as satisfying
Since α is time-varying and there are some unknown parameters of the PV array, it is difficult to obtain the exact expression of P PV = PV(U PV , α) and the value of P MPP PV . A feasible solution is to use an iterative method by considering the convex property of the P−V characteristic curve, for example, the P&O method for tracking the MPP. Quadratic interpolation is another good option to improve the results. This idea will be used to solve the above problem and the details will be discussed next.
3 Control strategy based on the NQI
Basic idea of the NQI-based power control strategy for PV system
Consider the kth step in the iteration and assume that there are three sampling points on the P−V characteristic curve. Their voltage and power values are noted as (U
The basic idea of the proposed strategy is to use the quadratic curve passing the three points to approximate the P−V characteristic curve. Once the points are chosen, the Newton quadratic polynomial can be written as [24] 
where the coefficient C 0 , C 1 and C 2 are the notations for divided difference and are defined recursively by
Rearrange (6) in descending powers
where the coefficients are a = C 2 ,
Equation (8) 
Δ < 0 indicates that P MPP PV is less than P ref grid and the PV system operates in the MPPT mode, as shown in Fig. 4a . Select the extreme point of the predicted P−V characteristic curve as the reference point in the next iteration step, the PV voltage at the maximum power point (MPP) can be approximated as
It should be noted that there are two solutions for the dispatch purpose. Figs. 4b and c show that the PV system operates on the uphill and downhill section of the P−V characteristic curve, respectively. Clearly, both of them can be easily obtained by solving (9) . The left-hand side solution (denoted by NQIL) can be written as
whereas the right-hand side solution (denoted by NQIR) can be written as
The characteristics of the two solutions will be compared in the next section and in the simulations, which show that the NQIR is generally better than the NQIL. 
Iteration process
By the solutions of (11) and (12) 
. Then, rearrange the rest of the three points as (U As k increases, the reference point (U 
where ε is a predefined constant. In the simulation, ε = 2 × 10 −4 pu (50 W in the base power of 0.25 MW). Equation (14) implies that the three sampling points are so close to each other that the calculation of (7) might result in numerical error. A feasible solution to prevent this is: after (14) is satisfied, point (U k PVref , P k PVref ) is eliminated in every iteration step and the rest points keep unchanged.
The P−V characteristic curve varies as to the irradiance and temperature. The above rule of iteration guarantees the new steady state to be reached in a short time as the operating conditions change. The theoretical proof that the NQI converges to the desired operating point can be observed in literatures: when operating in the MPPT mode, the algorithm can be viewed as a maximisation problem, which is proved to have convergence rate with order 1.32 [25] ; when operating in the power dispatch mode, the algorithm can be viewed as a root finding problem, which is proved to have convergence rate with order 1.84 [26] . Fig. 5 is the flowchart of the NQI-based power control strategy for PV system. Some measures to avoid miscalculation if the Newton quadratic polynomial fails to estimate the real P−V characteristic curve and the way to achieve the FRT capability are also included, which will be discussed in the next section. The cycle of Fig. 5 is executed every other sampling interval. The value of sampling interval T s needs to be carefully tuned in coordination with the characteristics of the PV array and the PI parameters of the inverter control. Specifically, if T s is too small, the controller www.ietdl.org may subject to possible mistakes caused by transient behaviour of the whole system. On the other hand, a too large T s may lower the convergence rate. A proper T s is approximately long enough for U PV to converge to U PVref . This conclusion will also be verified by simulation.
It is worth mentioning that the power dispatch function can also be realised with a method similar to the P&O MPPT method. U k PVref is updated every other sampling interval with the following updating rule
where step is a predefined perturbation step size and sign is a sign function.
If P grid , the PV system should operate in the power dispatch mode. The convergence can be illustrated using Table 1 and Fig. 6 .
However, this method has some obvious drawbacks: (i) it has to make a compromise between convergence rate and system stability in choosing the value of 'step' [8] ; and (ii) disturbances may lead the PV terminal voltage to the left or right solution randomly when the PV system operates in the power dispatch mode. The left-hand side solution converges slowly whereas the right-hand side solution leads to severe power oscillation around the steady state, both of which are not satisfactory. This method is implemented for simulation in comparison with the proposed strategy.
4 Discussion on the convergence properties 4.1 Comparison between the NQIL and NQIR in the power dispatch mode As discussed above, there are two optional solutions when the PV system operates in the power dispatch mode (as shown in block 1 in Fig. 5 ). The main features of the two solutions are listed as follows.
When the reference power output is very low, the corresponding PV array voltage of the NQIL may be lower than the peak voltage of the AC side of the inverter and thus lead to inverter failure [27] . Although this problem can be alleviated by increasing the number of PV panels in series to raise the DC side voltage, or introducing the dual-stage inverter topology, it is uneconomic or sometimes impractical. However, for the NQIR with PV array voltage ranging between U
MPP PV
and the open-circuit voltage U OC , such a problem will never occur.
When adopting the dual-stage inverter topology, the traditional DC/DC converters have a negative impedance characteristic inherently, due to the fact that their current increases when voltage decrease in order to keep the power constant. Consequently, if the PV system operates on the NQIL, which corresponds to the low-impedance (namely, low-voltage) section of the P−V characteristic curve, the solar array terminal voltage may collapse [3] .
When the reference power changes abruptly, the NQIR may have faster convergence rate than the NQIL. This can be explained intuitively that downhill section of the P−V characteristic curve is steeper than the uphill section.
Therefore, from the above comparison, the NQIR is a better choice compared with the NQIL. Those merits will be further proved by simulation.
Boundary on voltage of the PV array
The quadratic curve can approximate the P−V characteristic curve if P k 2 is the largest power of the three sampling point, that is, (U
Otherwise, the approximation may be unacceptable. For example, when the three sampling points are as shown in Fig. 7 , the quadratic curve cannot fit the downhill section of the P−V characteristic curve. If the NQIR is selected, the calculated U PVref may lead U PV to a value much higher than U OC , which may even damage the devices. To prevent this, the following saturation function can be used to keep U PVref within an accepted range [U min PVref , U 
Direction of perturbation
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FRT capability
When the penetration of PV systems is high, it is necessary for the PV systems not to disconnect from the grid when the terminal voltage of the point of common coupling (PCC) is low or high. That is to say, the PV system must have the fault ride-through capability, which is similar to the definition of the FRT for wind-turbines [28] . As the proposed control strategy functions properly in case of overvoltage, low-voltage ride-through capability is specifically concerned in this paper. Low voltage limits the grid-injected power because of the current protection of the inverter. When the power output of the PV array cannot be fully delivered to the utility grid, the extra power will charge the capacitor parallel to the PV array, thus the voltage of the capacitor increases until P PV equals the power limit of the inverter. As a result, U PV fails to track U PVref and all the sampling points will converge to the same point and the interpolation will fail when calculating (7) .
To prevent the numerical error, an additional block (as shown in block 3 in Fig. 5) is designed, whose function is: the iteration is stopped when the low voltage is detected, and is reinitialised when the system recovers. In this way, the three sampling points are separated and the system could return to normal state. Simulation on the FRT characteristic of the PV system will be shown in the next section.
Simulation results
In this section, a model of PV system is used to validate the proposed NQI-based power control strategy. The PV system capacity is 0.3 MW, connecting to a 10 kV external grid , with the PV system operating in the MPPT mode. As the influence of temperature on the P-V characteristic curve is trivial, it is kept constant and only the influence of solar irradiance is studied.
To analyse the characteristics of the proposed strategy, three schemes are compared: (i) the NQIR, (ii) the NQIL and (iii) the P&O. The following scenario is considered: at 0.5 s, P From Fig. 8a , it can be observed that when the PV system switches between the MPPT and power dispatch mode, the convergence rate of the NQIR, the NQIL, and the P&O schemes are much different: from S1 to S2, it, respectively, takes the three schemes about 0.08, 0.38 and 0.48 s to reach the new steady state; from S2 to S3, it, respectively, takes the three schemes about 0.09, 0.27 and 0.40 s to reach the new steady state. The enlarged views of Fig. 8 illustrate that for the P&O scheme, the operating point oscillates around the steady state, slightly lowering the overall efficiency of the MPPT mode. However, this phenomenon does not exist in the NQI schemes. Notice that for the P&O, the step size of perturbation and the sampling time have been tuned to obtain a good performance. A larger step size might accelerate the convergence, but the oscillation around the steady state will be more obvious. Moreover, the operating point randomly converges to the right-hand side solution in the power dispatch mode.
It also follows from Fig. 8 that the NQI-based schemes has larger overshoot than the P&O scheme in the transient from S1 to S2. This is because the variation of U PVref between two samples is small and constant for the P&O scheme, whereas it is unpredictable and sometimes large for the NQI-based schemes. Specifically, the overshoot for the NQIR is more obvious than the NQIL, which coincides with the discussion in Section 4 that the downhill section of the P-V characteristic curve is steeper than the uphill section. The features of the three cases are summarised in Table 2 . Of the three features, the convergence rate is of more importance, for example, when there is over-frequency in a microgrid, a shorter response time may easily help to keep the system stable. From this aspect, the NQIR has the best performance. This case proves that the proposed strategy with NQIR can operate well in response to irradiance or P ref grid change and is more robust and efficient than the P&O scheme.
As discussed in Section 4, the choice of the sampling interval T s has profound influence on the transient stability and convergence rate. Here, the transient responses of PV system under different sampling intervals are studied and compared. The PV system switches from the MPPT mode to the power dispatch mode (P Fig. 9 shows the results of the PV system under the NQIR scheme with T s = 0.0005, 0.01 and 0.5 s, respectively. It can be observed that the operating points converge in about 0.05, 0.1 and 1.0 s for the different sampling intervals. However, Fig. 9b shows that the algorithm becomes unstable when T s = 0.0005 s. The reason can be explained as follows: in the control design, the dynamics of the inverter is assumed to be much faster than that of the proposed PV power control strategy and can be ignored. So the control design can be considered as an open-loop problem. However, when T s is very small, the above assumption will not hold and the dynamics of the inverter and PV power control may undergo certain interactions. By trial and error, it is found that T s = 0.01 s is a proper value to achieve the best effect in this study. This conclusion is also proved by the enlarged view of Fig. 9c that U PV can almost track U PVref in each sampling interval.
Next, the performance of the proposed control strategy is studied under real operational scenario. The PV system is simulated over a 60 s period of a typical cloudy day (real irradiance data from [4] is used, as shown in Fig. 10a) . The sharp variation of the solar irradiance may be because of a passing cloud, or the shade of a building. Figs. 10b and c show the time responses of P grid , and U PV when the PV system operates in the MPPT and power dispatch (P grid ref = 0.13 MW) modes, respectively. It is proved that the PV power output can follow the change of irradiance immediately, although some voltage and power spikes can be observed when the irradiance changes too sharply. When the PV system operates in the power dispatch mode, if the irradiance is abundant, the PV power output is exactly 0.13 MW, with the excess energy discarded by raising U PV , otherwise, the PV system adaptively switches to the MPPT mode.
Finally, the FRT capability of the proposed strategy is tested and analysed. Suppose that a three-phase short-circuit fault (the short-circuit resistance is 0.003 Ω) occurs at the PCC at 0.5 s and the fault is cleared at 1.5 s. Figs. 11a and b, respectively, show the current in dq-frame, voltage of the DC and AC sides of the inverter, and the grid-injected power of the PV system when the PV system operates in the MPPT mode and the power dispatch mode (P The surplus PV power output charges the capacitor until U PV reaches 0.95 kV. When the short-circuit fault is cleared, the PV system returns to normal state in less than 0.5 s. Thus, the simulation results indicate that the proposed algorithm has the FRT capability in both the MPPT mode and the power dispatch mode.
Conclusions
In this paper, a new strategy to control the power output of PV system is presented. The strategy is based on the NQI algorithm and it enables the PV system to adaptively switch between the MPPT and the power dispatch mode according to the operating condition. Namely, when the given reference power is more than the maximum power output of the PV system, the power output is the maximum power output; otherwise the PV system follows the reference power. With this control strategy, various functions can be achieved, such as the frequency regulation in an emergency condition, which are important for a weak grid or a microgrid. Compared with the conventional P&O scheme, the propose control strategy has better performance in the respective of convergence rate and steady-state error. The simulation results validate the effectiveness of the proposed algorithm, even under some severe conditions.
